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了 纳 米 金 (Gold Nanoparticles, GNPs) 和 多 壁 碳 纳 米 管 (Multi-Wall Carbon 
Nanotubes, MWNTs)与牛血红蛋白(Bovine Hemoglobin, BHb) 的相互作用。论文
分为以下几个部分： 
1. 综述了 GNPs 和 MWNTs 在生物医学领域的应用、纳米材料与蛋白质相
互作用的研究方法及研究进展，介绍了本论文的选题意义。 
2. 运用各种光谱学技术研究了 BHb 与 GNPs 的相互作用。结果表明，BHb
能吸附在 GNPs 的表面，使其 520 nm处的等离子体共振吸收峰强度增强，峰位
红移。GNPs 使 BHb 分子中 Soret 带的吸收增强，但最大吸收峰的位置没有改变，
说明两者之间发生了相互作用，但与血红素亚基没有直接作用。GNPs 能使 BHb





作用力。GNPs 与 BHb 的相互作用还会影响 BHb 的二级结构，导致 BHb 部分
解折叠，二级结构中 α-螺旋含量减少，并向 β-折叠转变。 
3. 研究了 MWNTs氧化前后对 BHb 结构和构象的影响。研究结果表明，氧
化前的 MWNTs 与 BHb 几乎没有发生相互作用，对 BHb 的二级结构影响很小，
氧化后的 MWNTs 与 BHb 之间存在强烈的作用，与血红素亚基之间也有轻微的
作用，同时使 BHb 的 α-螺旋含量显著减少。MWNTs 氧化前后都能使 BHb 的荧
光发生猝灭，Stern-Volmer 方程分析表明，氧化后的 MWNTs 对 BHb 的猝灭程度
比氧化前更大。同步荧光光谱的结果证明，色氨酸(Trp)的荧光强度高于酪氨酸
(Tyr)的强度，说明 BHb 的荧光主要来源于 Trp。MWNTs 能同时猝灭 Trp 和 Tyr



















The fluorescence, UV-visible (UV-Vis) and circular dichroism (CD) spectrum 
were used to study the interactions of gold nanoparticles (GNPs) and multi-wall 
carbon nanotubes (MWNTs) with bovine hemoglobin (BHb). This paper is divided 
into the following sections: 
1. The application of GNPs and MWNTs in biomedical fields is summarized. 
Methods to study nanomaterials-protein interactions are introduced. The research 
progress in nanomaterials-hemoglobin interactions is reviewed and the significance of 
this study is also described. 
2. The interactions between GNPs and BHb were investigated by UV-Vis, 
fluorescence and CD spectroscopies. The increase and red-shift of 520 nm surface 
plamon band of GNPs indicate that BHb can be adsorbed on the surface of GNPs. The 
Soret band increases gradually with the increasing amount of GNPs, but the maximum 
absorption wavelengths of Soret band remains unchanged, suggesting that there is 
interaction between GNPs and BHb, but no direct interaction between GNPs and 
heme groups of BHb. The fluorescence intensity of BHb was quenched by GNPs. 
Analysis of Stern-Volmer equation reveals that the quenching mechanism is a static 
quenching procedure, and a ground-state complex is formed between GNPs and BHb. 
The binding constant K was obtained with calculation of the fluorescence spectra data. 
The order of magnitude of K was found to be 1010~1013, and the K value is decreased 
with the increase of temperature. There is one binding site between GNPs and BHb.  
By analyzing the thermodynamic parameters, standard enthalpy change (ΔH0), 
standard entropy change (ΔS0) and Gibbz free energy change (ΔG0), we conclude that 
the binding process is spontaneous, in which hydrophobic and hydrogen bond 
interactions play a major role. The CD spectrum changes of BHb showed that its  
secondary structure changed, suggesting that GNPs cause a partial unfolding of BHb. 
















3. The interactions between pristine/oxidized MWNTs and BHb were 
investigated by UV-Vis, fluorescence, synchronous fluorescence and CD 
spectroscopies. The results showed that pristine MWNTs had almost no effect on the 
secondary structure of BHb. On the contrary, there was a strong interaction between 
the carboxylated MWNTs and BHb. Slight effect on the structure of heme group was 
also found. And the α-helix content of BHb had a significant decrease with the 
increase of carboxylated MWNTs concentration. Both the pristion MWNTs and 
carboxylated MWNTs can quench the fluorescence of BHb. The analysis of 
Stern-Volmer equation revealed that carboxylated MWNTs can quench the 
fluorescene of BHb to a larger extent compared with pristine MWNTs. The results of 
synchronous fluorescence showed that the fluorescence intensity of Trp was stronger 
than that of Tyr, which demonstrated that the intrinsic fluorescence of BHb primarily 
originated from Trp. Both the Trp and Tyr fluorescence were quenched by 
carboxylated MWNTs, and the Tyr fluorescence had a greater extent of red shift 
compared with the Trp fluorescence, indicating that the effect of carboxylated 
MWNTs on Tyr is stronger than that of Trp. 
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    GNPs 也称金溶胶或胶体金，是由金盐被还原成原金后形成的金颗粒悬液。
GNPs 颗粒由一个基础金核 (原子金 Au) 及包围在外的双离子层构成，紧连在核
表面的是柠檬酸根离子(C6H5O7
3-)，外层离子层 H+则分散在胶体间溶液中，以维
持游离于溶胶间的悬液状态，如图 1.1 所示。GNPs 颗粒的基础金核并非是理想
的圆球核，较小的 GNPs 颗粒基本是圆球形的，较大的 GNPs 颗粒 (一般指大于
30nm以上的) 多呈椭圆形。在电子显微镜下可观察 GNPs 的颗粒形态。 
 
图 1.1：GNPs 的结构示意图 























在 520 nm 可见光区域内出现表面等离子体共振。其最大吸收波长取决于颗粒之
间的距离和所形成的凝聚体的大小。根据 Mie 理论[9]，不同粒径、不同尺寸的












电化学性质：对有机单分子层保护的 GNPs 研究发现，GNPs 的表面存在双
电层电容，其作用相当于一个纳米尺寸的电极，并且双电层电容值随包覆粒子烷
基链长度的减少而增加[13]；对己基硫醇单分子层包裹的 GNPs 进行循环伏安、差
示脉冲伏安以及计时电流法分析发现，GNPs 具有 15 种氧化态[14]。 
超分子与分子识别特性：GNPs 的可控组装为分子识别提供了重要的途径。
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